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achieving a desired chemical separation. One specific application involves the addition of an IL (as an entrainer) to an azeotropic system whose components are not separable by ordinary distillation methods. The added ionic liquid entrainer interacts with the components of the azeotropic system, and alters the component's relative volatilities. Verma and Banerjee (2010) examined the various IL combinations involving 10 cations (imidazolium, pyridinium and quinolium) and 24 anions as entrainers for water + ethanol, water + 2-propanol and water + tetrahydrofuran systems with the 1,3-dimethylimidazolium cation, [M 2 Im] + , in combination with the acetate, [Ac] -, chloride [Cl] -, and bromide, [Br] -, anions giving the highest relative volatility. Chemicals in azeotropic mixtures have been separated also by liquid-liquid extraction using an IL solvent as schematically illustrated in Figure 2 . Pereiro et al. (2010) explored 1-ethyl-3-methylimidazolium ethyl sulfate IL as an extraction solvent for the removal of ethanol from ethanol + heptane and ethanol + hexane azeotropic mixtures. Ionic liquid entrainers have been used successfully in the separation of alkanes from alkenes (propane versus propene (Mokrushina et al., 2010) , hexane versus 1-hexene (Lei et. al., 2006) , alkanes from aromatic compounds (cyclohexane versus benzene (Zhu et al. 2004) , and of acetylene from ethylene (Palgunadi et al., 2010) . Recent review articles (Soukup-Hein et al., 2009; Lei et al. 2003; Pandey, 2006; Poole and Poole, 2010) have discussed the advances that have been made in chemical separations using IL solvents. Gas-liquid chromatography (glc) and high-performance liquid chromatography (hplc) afford convenient methods for separating organic compounds in mixtures prior to quantification of mixture composition. The IL can serve as the stationary phase, or in the case of hplc can be an organic modifier added to the mobile phase to affect the solute's partitioning characteristics. The solute partitions between the stationary and mobile phases as it passes through the chromatographic column. The elution time is governed by the partition coefficient, which is defined as Fig. 1 . Molecular Structures for 1,3-disubstituted imidazolium (a), substituted pyridinium (b), substituted pyrrolidinium (c), tetraalkylammonium (d), trialkylsulfonium (e), tetraalkylphosphonium (f), and bis (1,3-disubstituted imidazolium) cations (g). The substitutes are alkyl or functionalized alkyl chains and are denoted as R 1 , R 2 , R 3 and R 4 .
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the ratio of the molar concentration of the solute in the respective mobile and stationary phases. The partition coefficient is a relative measure of the affinity that the solute exhibits for each phase. Each solute is expected to interact differently with the two phases. Numerous publications have reported using IL solvents in conjunction with chromatographic analyses (Soukup-hein et al., 2009; Pandey, 2006; Poole and Poole, 2010) . For example, Seely et al. (2008) studied chemical separations of complex mixtures on a twodimensional gas chromatographic column. The system consisted of a trihexyl(tetradecyl)phoshonium bis(trifluoromethane)-sulfonamide IL primary column coupled to a (5 % diphenyl + 95 % dimethyl)polysiloxane secondary column. The authors found that the two-dimensional system separated the major components of diesel fuel into three narrow bands: saturated hydrocarbons, monoaromatics and diaromatics. Yao et al. (2009) employed various ILs containing the tris(pentafluoroethyl)trifluorophosphate anion.
[FAP] -, as extraction solvents for direct immersion single drop micro-extraction studies prior to hplc analysis. Ionic liquids tend to form larger and more stable microdroplets than do the more traditional organic solvents, and their elution time in hplc is very short and does not affect the chemical separation. The largest enrichment factors for compounds with high molar masses and fused rings were obtained with trihexyl(tetradecyl)phoshonium bis(pentafluoroethyl)trifluorophosphate. 1-Methyl-3-hexyl-imidazolium [FAP] gave the better results for the smaller molecules studied. Headspace micro-extraction methods (Zhao et al. 2008 and 2009; Aguilera-Herrador et al. 2008; Liu et al., 2003) have been developed for the partitioning of volatile and semivolatile compounds into an exposed IL drop. In the micro-extraction setup depicted in Figure 3 a syringe needle is inserted through the sample vial septum. The syringe needle is slowly depressed to expose the IL microdrop to the vapor above the aqueous sample. The volatile solutes then partition into the ionic liquid solvent from the vapor phase. After a predetermined equilibration time, the microdrop is retracted back into the syringe needle.
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The syringe is removed and inserted into the injection port of a gas chromatograph. The syringe plunger is depressed in order to expose, but not inject, the IL microdrop. The volatile solutes thermally desorb from the IL drop at the higher temperature. Solute concentrations are quantified by gas chromatographic analysis. Fig. 3 . Simple headspace ionic liquid-based microextraction setup for extracting volatile organic compounds from a contaminated soil sample. Organic contaminates on the soil dissolve into the aqueous phase. The organic vapors above the aqueous solution partition into the ionic liquid droplet.
The fore-mentioned experimental studies document the application of IL solvents to separation problems encountered by chemicals and engineers. Our knowledge of the solubilizing properties of ionic liquids has now matured to the point where researchers can make educated guesses concerning which IL solvent is most likely to give the desired separation. This chapter will discuss predictions based upon the Abraham general solvation model (Abraham, 1993a,b; Abraham et al., 2004) .
Thermodynamic properties and chemical separations
The thermodynamic basis for chemical separations using IL solvents is governed by solute partitioning between two immiscible or partly miscible phases. In the case of gas-liuqid chromatography the measured adjusted retention time, t r ', is related to the solute's infinite dilution activity coefficient, solute ∞ , (Mutelet et al., 2010) 
through standard thermodynamic relationships. In Eqns. 2 -4, T col is the column temperature, U o is the flow rate of the carrier gas (mobile phase) measured at ambient room temperature (T room ) with a soap-bubble flowmeter, and P water is the vapor pressure of water at T room . P inlet and P outlet denote inlet and outlet pressures, respectively. Rigorous calculations do account for vapor phase nonideality, B 11 is the second virial coefficient of the solute (component 1) in the gaseous state at temperature T, B 13 is the mutual coefficient between the solute and mobile phase carrier gas, and P 1 o is the solute's vapor pressure at temperature T, R denotes the universal gas constant, V solvent refers to the molar volume of the solvent at temperature T, and n solvent is the number of moles of solvent inside the column. Chemical separation is achieved whenever two eluting solutes have sufficiently different retention times. Assuming an isothermal chromatographic separation, and that the column conditions remain constant during the course of the chemical separation, one can algebraically manipulate equations 2-4 to obtain the following expression
relating the ratio of adjusted retention times and the infinite dilution activity coefficients. The ratio of vapor pressures represents the separation (separation factor is = A ∞ P A o / B ∞ P B o ) that would be expected from the vapor pressure differences for the two solutes. The infinite dilution activity coefficient measures the enhanced separation that one could get from solute interactions with the liquid phase solvent. Solution models that accurately predict infinite dilution activity coefficients facilitate the design of manufacturing processes and analytical methods employing azeotropic distillations, gas stripping and gas chromatographic separations. Chemical separations can also be achieved through solute partitioning between two condensed phases. Practical examples include liquid-liquid extraction and hplc. These partitioning processes are described by a partition coefficient as well 
For notation purposes gas-to-liquid partition coefficients are denoted as K in the chapter, while condensed phase-to-condensed phase partition coefficients are referred to as P. The notational distinction is needed because the Abraham solvation parameter model uses different linear free energy relationships (LFER) to predict log K and log P values. From thermodynamic considerations it can be shown that the solute's partition coefficient is 
www.intechopen.com Proctor et al., 2008; Sprunger et al., 2007b; Sprunger et al., 2008; Sprunger et al., 2009a,b,c; Sprunger et al., 2010; Abraham et al., 2009) . Not all chemical separations take place at 298 K or even under isothermal conditions. There is a need to convert estimated partition coefficients for 298 K to other temperatures. From a thermodynamic standpoint, the gas-to-condensed phase partition coefficient, K, and water-to-organic solvent partition coefficient, P, can be estimated at other temperatures from measured partition coefficient at 298. 
The enthalpy of transfer needed in Eqn. 12 is defined as
the difference in the enthalpy of solvation of the solute in the specified organic solvent minus its enthalpy of solvation in water. The above equations assume zero heat capacity changes. Abraham model correlations have been developed for estimating ΔH solv for organic vapors and gases in IL solvents using ion-specific equation coefficients.
The Abraham model: IL-specific correlations
The Abraham general solvation model is one of the more useful approaches for the analysis and prediction of Gibbs energies of solute transfer in chemical and biochemical systems. Published applications include the partitioning of solutes into organic and IL solvents both from the gas phase and from water Proctor et al., 2008; Sprunger et al., 2007b; Sprunger et al., 2008; Sprunger et al., 2009a,b,c; Sprunger et al., 2010; Abraham et al., 2009) , partitioning of volatile organic compounds and drug molecules between human/rat blood and select body organs/tissues Abraham et al., 2007; Abraham et al., 2008) , partitioning of solutes into humic acid (Mintz et al., 2008a) , sorption of gases and organic solutes onto polydimethylsiloxane solidphase microextraction surfaces, (Sprunger et al., 2007c) and the distribution of solutes between water and sodium dodecyl sulfate (SDS) micelles (Sprunger et al., 2007a) . The method relies on two linear free energy relationships (lfers), one for transfer processes occurring within condensed phases (Abraham, 1993a,b; Abraham et al., 2004) :
and one for processes involving gas-to-condensed phase transfer
The dependent variable, SP, is some property of a series of solutes in a fixed phase, which in the present study will be the logarithm of solute partition coefficient between two immiscible (or partly miscible) phases or the enthalpy of solvation. The independent variables, or descriptors, are solute properties as follows: E and S refer to the excess molar refraction and dipolarity/-polarizability descriptors of the solute, respectively, A and B are measures of the solute hydrogen-bond acidity and basicity, V is the McGowan volume of the solute and L is the logarithm of the solute gas phase dimensionless Ostwald partition coefficient into hexadecane at 298 K. The first four descriptors can be regarded as measures of the tendency of the given solute to undergo various solute-solvent interactions. The latter two descriptors, V and L, are both measures of solute size, and so will be measures of the solvent cavity term that will accommodate the dissolved solute. General dispersion interactions are also related to solute size, hence, both V and L will also describe the general solute-solvent interactions. Solute descriptors are available for more than 4,000 organic, organometallic and inorganic solutes. No single article lists all of the numerical values;
however, a large compilation is available in one published review article (Abraham et al., 1993a) , and in the supporting material that has accompanied several of our published papers Abraham et al., 2009; . Solute descriptors can be obtained by regression analysis using various types of experimental data, including water-to-solvent partitions, gas-to-solvent partitions, solubility data and chromatographic retention data as discussed elsewhere (Abraham et al., 2010; Zissimos et al., 2002a,b) . There are also commercial software packages (Pharma Algorithms, 2006) and several published estimation schemes (Mutelet and Rogalski, 2001; Arey et al., 2005; Platts et al., 1999; Abraham and McGowan, 1987) for calculating the numerical values of solute descriptors from molecular structural information if one is unable to find the necessary partition, chromatographic and/or solubility data. For any fully characterized system/process (those with calculated values for the equation coefficients) further values of SP can be estimated for solutes with known values for the solute descriptors. The usefulness of Eqns. 14 and 15 in the characterization of solvent phases is that he coefficients e, s, a, b, l and v are not just curve-fitting constants. The coefficients reflect particular solute-solvent interactions that correspond to chemical properties of the solvent phase. The excess molar refraction, E, is defined from the solute refractive index, and hence the e coefficient gives a measure of general solute-solvent dispersion interactions. The V and L descriptors were set up as measures of the endoergic effect of disrupting solvent-solvent bonds. However, solute volume is always well correlated with polarizability and so the v and l coefficients will include not only an endoergic cavity effect but also exoergic solutesolvent effects that arise through solute polarizability. The S descriptor is a measure of dipolarity and polarizability and hence the s coefficient will reflect the ability of a solvent to undergo dipole-and dipole-induced dipole interactions with the solute. The A descriptor is a measure of solute hydrogen bond acidity, and hence the a coefficient will reflect the complementary solvent hydrogen bond basicity. Similarly the b coefficient will be a measure of solvent hydrogen bond acidity. All this is straightforward for gas-to-solvent partitions because there are no interactions to consider in the gas phase. For partition between solvents, the coefficients in Eqn. 14 then refer to differences between the properties of the two phases. Listed in Tables 1 and 2 are the Abraham model equation coefficients that have been reported (Grubbs et al., 2010; Revelli et al., 2009; Mutelet et al., 2010; Revelli et al., 2010) or calculated for the chapter for describing solute transfer from the gas phase (log K) and from water (log P) into 1-methyl-3-ethylimidazolium bis(trifluoromethyl-sulfonyl)imide, 
The statistics of each derived correlation are quite good as reflected by the low standard deviations (SD) and near unity values for the squared correlation coefficients (R 2 ). The standard error in each equation coefficient is denoted in parenthesis immediately below the coefficient. The remaining statistical information is as follows: N denotes the number of experimental data points for the given IL data set. The log P correlations do pertain to solute transfer from water-to-anhydrous IL solvent. As noted above these represent a hypothetical partitioning processes, and calculated values based on the equation coefficients listed in Table 2 may be different than the experimental log P values determined by direct partitioning of the solute between water and the IL solvent. At the present time there has been few practical water-to-IL systems studied. Abraham et al. (2003) 
Abraham model: Ion-specific equation coefficients
The physical and chemical properties of ILs can be modified by changing the cation-anion combination. There are currently synthetic procedures for making more than 300 different ILs and the number is likely to grow in number in future years as more applications are discovered. It would be impractical to develop an Abraham model correlation for each known IL. To address this concern, Sprunger and coworkers (Sprunger et al., 2007b; Sprunger et al., 2008; Spurnger et al., 2009c; Grubbs et al., 2010) 
and water-to-IL partition coefficient log P = c cation + c anion + (e cation + e anion ) E + (s cation + s anion ) S + (a cation + a anion ) A
by rewriting each of the six solvent equation coefficients as the summation of their respective cation and anion contribution. In separating the equation coefficients it was assumed that the soltue's interaction with a given cation is not influenced by the surrounding IL anion, and that the solute's interaction with a given anion is unaffected by the surrounding IL cation. Once calculated, the ion-specific equation coefficients can be combined to build the Abraham model correlation for the desired cation-anion pair. During the three years since the modified version was first suggested we have periodically updated the numerical values of the coefficients as new experimental data became available. For this chapter we have reanalyzed our large log K and log P databases for solutes dissolved in ILs to yield the following correlations log ( Tables 3 and 4 can be combined to give predictive log K and log P correlations for a total of 299 (23 times 13) IL solvents. Predicted log K and log P values can be converted to infinite dilution activity coefficients, solute ∞ , through Eqns.4 and 10. Sprunger et al. found that very little (if any) loss in descriptive/predictive ability resulted from splitting the equation coefficients into the individual ion contributions. One note regarding the computation methodology that we used in calculating of the ionspecific equation coefficients. The cation-specific and anion-specific coefficients are paired in that each cation-specific coefficient goes together with its anion-specific counterpart to make up a summed value that the five solute descriptors are multiplied by. If one were to perform a regression analysis on Eqns. 20 -23 the statistical software would generate numerical equation coefficients based on some reference point. The reference point would likely depend on the particular database used and the software's built-in convergence routine. Calculation of additional ion values at some later time would be difficult as there would be no guarantee that the next regression analyses would find the same reference point. In accordance with the computation methodology suggested by Sprunger et al. (2007b) Table 3 . b Number of experimental data points associated with the specified ion. Both LFERs are statistically very good, and describe experimental log K and log P databases that cover a 12.5 log unit and 8.7 log unit range to within standard deviations of 0.112 log units ( performed for solutes dissolved in ILs we believe that 0.05 to 0.15 log units would be a reasonable guesstimate of the uncertainty associated with the experimental log K values. Slightly larger standard deviations are expected for the log P correlation which also includes the experimental uncertainties in the log K w data used to convert the log K values to log P. Careful examination of the individual residuals between the calculated and observed values revealed that Equation 22 described 70.1 % (1461 of 2084 values) of the gas-to-IL partition coefficient data to within 0.1 log units, 92.0 % (1918 of 2084 values) to within 0.2 log units, and 98.1 % (2045 of 2084 values) to within 0.3 log units of observed values. Only 1.9 % of the predicted log K values fell more than 0.3 log units from the experimental value, with the largest residual being -0.55 log units. Similar results were noted for Eqn. 23; 56.8 % of the back-calculated water-to-IL partition coefficients differed from the observed value by less than 0.1 log units, 85.8 % differed by less than 0.2 log units, and 98.7 % differed by less than 0.3 log units. Less than 1.3 % of the predicted log P values were more than 0.3 log units from the observed value. The largest residual for the log P calculations is -0.61 log units. These values should reflect the predictive ability that Eqns. 22 and 23 would exhibit in terms of predicting partition coefficients for new compounds dissolved in ILs containing the 23 cations and 13 anions given in Tables 3 and 4, provided that the solute descriptors of the compounds fall within the area of predictive chemical space defined by the calculated equation coefficients: E = 0.000 to E = 1.500; S = 0.000 to S = 1.720; A = 0.000 to A = 1.030; B = 0.000 to B = 1.280; V = 0.109 to V = 1.799; and L = -1.200 to L = 7.833. A few of the ionspecific data sets spanned a slightly smaller range of solute descriptors. Predicted activity coefficients can be converted to infinite dilution activity coefficients, solute ∞ , through Eqns.4 and 10. The major advantage of splitting the equation coefficients into individual cation-specific and anion-specific contributions is that one can make predictions for more RTILs. Normally one needs partition coefficient data for 40-50 solutes dissolved in a given RTIL to develop a RTIL-specific Abraham model correlation. By combining all of the experimental data for a RTIL containing lets say either a 1-methyl-3-octylimidazolium cation, [MOIm] 
where n i is the number of times a particular functional group appears in the cation. The authors were able to mathematically describe the 1450 available gas-to-IL partition coefficients (log K values) and 1410 water-to-IL partition coefficients (log P values) with 21 
Abraham model: Enthalpy of solvation correlations
Abraham model correlations constructed from the ion-specific equation coefficients in Tables 3 and 4 pertain to 298.15 K. A method is needed for extrapolating the predicted log K and log P values to other temperatures for applications involving azeotropic distillation and temperature-programmed gas-liquid chromatographic separation. The majority of experimental data used in the log K and log P regressions came from published gas-liquid chromatographic retention measurements. As part of the experimental studies the authors determined the infinite dilution coefficients of volatile solutes in IL solvents at several temperatures. For the majority of measurements the median temperature corresponded to 323 ± 5 K. Solutes studied include inert gases, diatomic gas molecules, linear and cyclic alkanes and alkenes (up to dodecane), alkylbenzenes, linear and branched alcohols, linear and cyclic monoethers (plus 1,4-dioxane), chlorinated methanes and a few of the smaller aldehydes and ketones. The solute descriptor space defined by these compounds would be: (Chickos and Acree, 2002; Chickos and Acree, 2003) for use in converting ΔH ex, ∞ to ΔH Solv , and vice versa. Mintz et al., 2008b; Mintz et al., 2009) and Sprunger et al. (2009a) 
(N = 977, R 2 = 0.998, R 2 adj = 0.997, SD = 1.655, F = 2860) describe the observed enthalpy of solvation to within standard deviations of SD = 1.602 kJ/mole and SD = 1.655 kJ/mole using the ion-specific equation coefficients tabulated in Tables 5 and 6 . Standard errors in the equation coefficients are given in parenthesis immediately below the respective coefficient. For the most part, the larger standard errors were noted in the equation coefficients for those ions for which experimental data were limited. Large standard errors were similarly noted in the ion-specific equation coefficients for our initial log K and log P Abraham model correlations. The standard errors did decrease in magnitude when additional log K and log P values were added to the database. We expect the same to happen with the ΔH solv correlations. a Cation and anion abbreviations are given in the footnote to Table 3 . b Number of experimental data points associated with the specified ion. a Cation and anion abbreviations are given in the footnote to Table 3 . b Number of experimental data points associated with the specified ion. 
Conclusion
The Abraham general solvation provides a reasonably accurate mathematical description of the thermodynamic properties governing the solute transfer into anhydrous ionic liquid solvents from both water and from the gas phase. Derived expressions based on the Abraham model allow one to estimate the estimate the log K and log P values at 298 K for 
